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ABSTRACT 
 
VLCFAs are synthesized by fatty acid elongase (FAE), an ER localized enzyme system that 
extends fatty acids beyond 18-carbon atoms. FAE consists of four components; 1) β-
ketoacyl-CoA synthase (KCS), 2) 3-ketoacyl-CoA reductase (KCR), 3) 3-hydroxyacyl-CoA 
dehydratase (HCD), and 4) enoyl-CoA reductase (ECR). Curiously, plant species maintain two 
distinct non-homologous enzyme families that catalyze the first of these reactions: 1) the 
plant-specific FAE1-like 3-ketoacyl-CoA synthases (KCS-type enzymes); and 2) the 
ELONGATION DEFFECTIVE-LIKEs (ELO-type enzymes), found in all eukaryotes. While the 
synthesis and function of VLCFAs in plants has been studied in some detail, many questions 
remain unanswered, including the specific functions of KCS enzymes in crop species such as 
Zea mays, and the purpose of the condensing enzyme’s genetic and biochemical 
redundancy.  
This thesis focuses on the characterization of maize KCS-type condensing enzymes. 
The redundancy within FAE along with the membrane-bound nature of this enzyme hinders 
our ability to use traditional methods for enzyme characterization. To overcome these 
challenges, heterologous expression in the yeast Saccharomyces cerevisiae was employed. 
Analysis of yeast lipid profiles reveals KCS enzyme specificities and uncovers new questions 
about the synthesis of VLCFAs in maize.
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CHAPTER I: GENERAL INTRODUCTION 
Background and Significance 
VLCFA function and importance - 
As stationary organisms, a plant’s ability to thrive under biotic and abiotic stresses is 
imperative for survival. Very long chain fatty acids (VLCFAs) consist of ≥20 carbon atoms and 
participate in diverse processes, many of which allow plants to withstand environmental 
pressures. Plant extracellular surface lipids, also known as cuticular waxes, are composed of 
VLCFAs and derivatives thereof, which form a protective barrier at the surface-environment 
interface. Perhaps most importantly, VLCFAs serve as components of the ceramide moiety 
of sphingolipids; the inability to produce such compounds is lethal in eukaryotes.  
VLCFAs are essential molecules in eukaryotes, functioning as components of a variety of 
lipid constituents. In mammals, VLCFAs are found in all tissues, including the retina, brain, 
and skin cells (1, 2). Yeast primarily incorporate VLCFAs into sphingolipids, which contribute 
to membrane structure and serve as cell signaling molecules (3). Similarly, plants require 
VLCFAs for normal growth and development, with metabolic fates including cuticular waxes, 
suberin, phospholipids, sphingolipids and triacylglycerols (4).  
Aerial plant surfaces are covered in a hydrophobic layer of lipids known as the cuticle, 
which protects against non-stomatal water loss, abiotic stresses, and pathogen invasion (5). 
The cuticle is composed of a cutin polymer matrix and a heterogeneous mixture of VLCFAs 
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and their derivatives, which are either embedded within the cutin scaffold (cuticular waxes) 
or are deposited as crystals or a film on the cuticle surface (epicuticular waxes) (6–10). 
Cuticular waxes are secreted by epidermal cells and consist of very long chain lipids 
including esters, primary and secondary alcohols, aldehydes, ketones, and alkanes. The 
amount of wax deposited on the plant surface fluctuates in response to environmental 
changes (11). For example, Kosma et. al. showed that the wax load on Arabidopsis leaves 
increases significantly when plants were subjected to drought, osmotic stress, and 
application of abscisic acid (12).  
Similarly, suberin is an extracellular biopolymer that serves a protective function. Found 
mainly in the roots of plant species such as maize and Arabidopsis, suberin is composed of 
monomers including glycerol, phenolics such as ferulate, as well as ω-hydroxyacids and α,ω-
dicarboxylic acids, which range in chain length from C16 to C30 (13). The monomers found 
in suberin and cutin are analogous, however the aliphatic compounds in cutin are not 
typically derived from VLCFAs, and the aromatic compounds are more prevalent in suberin.  
In plants, VLCFAs are minor components of phospholipids, but may have an important 
influence on membrane curvature (14). Among phospholipids, phosphatidylethanolamine 
(PE), phophatidylcholine (PC) and phosphatidylserine (PS) are the main VLCFA containing 
lipids. These phospholipids are composed mostly of 18-carbon species combined with a very 
long acyl chain ranging from 20 to 26 carbons (4). 
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Sphingolipids are important molecules in plants, contributing to membrane structure 
and cell signaling. They are composed of a long chain sphingoid base and an amide-linked 
fatty acyl chain, which can be attached to a glycosylated polar head. These molecules are 
essential to plant cell survival, and have been shown to influence diverse processes 
including membrane domain formation, programmed cell death and are involved in signal 
transduction pathways, responding to hypoxia and pathogen attack (15). 
Additionally, VLCFAs are incorporated into triacylglycerols (TAGs) as seed storage lipids. 
VLCFAs are abundant components of TAGs in some plant species. Among ecotypes of 
Arabidopsis thaliana, VLCFAs (mainly C20 and C22) average 31% w/w of total seed fatty 
acids (16). Despite their prevalence, the role of VLCFAs in TAGs has not been established. 
Mutation of the FAE1 gene of Arabidopsis markedly reduces the amount of VLCFAs 
incorporated into seed TAGs, but does not result in any changes in seed physiology (17). 
 
Synthesis of VLCFAs - 
Fatty acid elongase is dependent on the production of long chain fatty acids by de novo 
fatty acid synthase (FAS). FAS is a soluble enzyme complex that catalyzes an iterative series 
of four reactions (condensation, reduction, dehydration and a second reduction), adding 
two carbon atoms per cycle. In contrast to the cytosolic complexes found in yeast and other 
eukaryotes, plant FAS is localized in the plastid. Similarly to prokaryotic FAS systems, plants 
have type II FAS systems, composed of individual monofunctional enzymes (18, 19). The 
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carboxylation of acetyl-CoA to malonyl-CoA by ACCase is generally considered to be the 
committed step of de novo fatty acid synthesis (20). Malonyl-CoA is converted to malonyl-
ACP, providing the two carbon extender unit for acyl-chain elongation. The first 
condensation reaction of FAS occurs between malonyl-ACP and acetyl-CoA, catalyzed by 3-
ketoacyl-ACP synthase isoform III (KASIII). Two additional KAS isoforms catalyze subsequent 
condensation reactions between the growing acyl-ACP and malonyl-ACP; KASI extends the 
acyl chain to 16 carbons and KASII catalyzes the final condensation from 16 carbons to 18 
carbons. Each condensation reaction is followed by a reduction of the beta-carbonyl group 
by the enzyme 3-ketoacyl-ACP reductase (KAR). This intermediate is dehydrated by 3-
hydroxyacyl dehydratase (HAD), followed by a final reduction by enoyl-ACP reductase (ENR). 
FAS predominately synthesizes fatty acids up to C16 and C18, at which point a chain length-
dependent thioesterase hydrolyzes the acyl-ACP to yield a free fatty acid and a recycled ACP 
molecule. This enables the free fatty acid to be transported into the cytosol and activated to 
a CoA thioester, preparing the acyl-chain for further modification, which can include further 
elongation by FAE (21). 
Fatty acid elongase (FAE) catalyzes chemical reactions that are analogous to FAS, 
elongating preexisting fatty acids through four reactions. The first reaction is the 
condensation of a long chain acyl-CoA with malonyl-CoA, which is catalyzed by a KCS or ELO-
type enzyme, resulting in the formation of 3-ketoacyl-CoA. Next, reduction by 3-keto-acyl-
CoA reductase (KCR) produces 3-hydroxy-acyl-CoA, which is then dehydrated by a 3-hydoxy-
acyl-CoA dehydratase (HCD) to a trans-2,3-enoyl-CoA. A final reduction by enoyl-CoA 
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reductase (ECR) yields a fully reduced fatty acyl-CoA. This series of reactions can be 
repeated, yielding a fatty acid that is elongated by two carbons per cycle.  
While chemically similar to FAS, FAE has unique characteristics, including the ER 
localized and membrane-bound nature of the enzyme components. Additionally, fatty acids 
are activated by conjugation to CoA during fatty acid elongation rather than ACP. Multiple 
efforts to study protein-protein interactions within FAE have revealed associations between 
the four core enzyme components, suggesting that FAE enzymes function as a complex (22–
25). However, the arrangement and stoichiometry of enzymes within the FAE complex has 
not been established.  
 
FAE condensing enzymes -  
The condensation of malonyl-CoA and an acyl-CoA is hypothesized to be the rate-
limiting reaction of FAE, with the associated KCS or ELO enzymes providing tissue and 
substrate specificity to the FAE complex (26, 27). Examination of genome sequences reveals 
that the ELO gene family is present in fungi, animals and plants, while the KCS family is 
found exclusively in plants (28, 29). Recent analyses of multiple plant genomes reveals 
universal redundancy of the condensing enzymes among higher terrestrial plants, 
suggesting an advantage to evolving and maintaining multiple condensing enzymes (30, 31). 
Several of the initial efforts to characterize KCS-type enzymes were focused on FAE1 
from Arabidopsis thaliana. FAE1 (which was in fact the first FAE component to be 
6 
 
 
 
genetically identified in plants) was discovered through multiple mutagenesis screens that 
revealed VLCFA deficiencies within seed storage lipids (17, 32, 33). Positional cloning of the 
FAE1 gene revealed homology to chalcone synthase, stilbene synthase, and KASIII, 
suggesting that it functions as a condensing enzyme within FAE (34). Further studies 
indicated that KCS shares a similar ping-pong mechanism with soluble condensing enzymes, 
first binding acyl-CoA and releasing CoA before finally binding malonyl-CoA (35, 36).  
ELO-type condensing enzymes were initially identified in Saccharomyces cerevisiae, the 
first being ELO1, which is involved in the production of long-chain fatty acids (37, 38). Two 
additional yeast ELO genes (ELO2 and ELO3) were identified based on sequence homology 
to ELO1. Both function in fatty acid elongation, extending 16- and 18-carbon fatty acids to 
C22 or C24 and C26 fatty acid products respectively (39–41).  
Compared to mammalian and yeast ELOs, the role of plant ELO proteins is poorly 
understood. One functional Arabidopsis ELO, known as HOS3, has been studied. The hos3 
mutant, identified based on an enhanced response to abscisic acid, exhibits increased levels 
of C22 and C24 fatty acids and a >35% decrease in C26 fatty acid in leaves. HOS3 has high 
homology to the yeast ELO2 gene, and was able to restore VLCFA deficiency and monencin 
sensitivity when expressed in elo2 and elo3 mutant yeast strains (42).  
 Genetic redundancies occur within both families of condensing enzymes. In Arabidopsis 
thaliana, 21 KCS-type condensing enzymes have been identified based on sequence 
homology to characterized KCS enzymes (43, 44). Four ELO-type proteins are present in the 
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Arabidopsis genome, again identified based on homology to yeast ELOs (45). The vast 
amount of redundancy in FAE spurs questions about the specific functions of individual FAE 
condensing enzymes. Several Arabidopsis KCS genes have been shown to vary in substrate 
specificity, acting on fatty acids with specific chain length and degree of saturation (22, 46–
48). Still, the majority of putative KCS and ELO genes remain uncharacterized, particularly in 
organisms other than Arabidopsis, leaving to question how plant condensing enzymes 
function together and why genetic redundancies are so prevalent within FAE.  
Beyond KCS - 
The other three FAE enzyme components (KCR, HCD and ECR) are thought to function as 
generalists in most organisms (23, 29, 41, 49), encoded by singular genes that exhibit broad 
substrate specificity and ubiquitous expression (8, 27, 50, 51). However, it is becoming 
increasingly clear that in some cases, co-factors and core FAE enzymes besides KCS are 
involved in FAE specificity. Maize, for example, contains two highly homologous KCR 
paralogs, GLOSSY8a (ZmKCR1) and GLOSSY8b (ZmKCR2), with partially redundant functions 
(52–54). Heterologous expression of both KCR enzymes in yeast has revealed that the KCR 
components also contribute to FAE product determination (demonstrated in chapter 2 of 
this thesis). Interestingly, two KCR isoforms are also found in the Arabidopsis genome, only 
one of which has been shown to function in FAE (55). However, recent work has revealed 
differential expression of both KCRs in Arabidopsis roots, suggesting that KCR2 may indeed 
serve a distinct function within FAE (25). 
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The HCD enzyme in Arabidopsis, PAS2, has been shown to function in cell cycle control 
as well as fatty acid elongation (23). Moreover, expression of the yeast HCD, Phs1p, in 
Arabidopsis increases the amount of VLCFAs produced, indicating that both KCS and HCD 
have rate-limiting roles in FAE (23). Recently, PROTEIN TYROSINE PHOSPHATASE-LIKE 
(PTPLA) from Arabidopsis was identified as an additional enzyme that can function within 
FAE as an HCD, as it is able to partially complement the function of yeast phs1p, and 
increases VLCFA yield when expressed in Arabidopsis. It was also demonstrated that PTPLA 
and PAS2 associate with different KCSs and are localized in different parts of root tissue, 
suggesting that these dehydratases form independent FAE complexes that may interact in 
adjacent cells (25).  
Recent work in Arabidopsis has explored the function of CER2 and related proteins. 
CER2 is involved in the synthesis of surface lipids and shares sequence homology with BADH 
acyl-transferases (56). Coexpression in yeast of two Arabidopsis KCSs, Cer6 and Cer60, with 
Cer2 and it’s paralogs, Cer26 and Cer26-like, resulted in the synthesis of fatty acids beyond 
C28, which does not normally occur in yeast, or when these proteins are individually 
expressed (57, 58). This work raises questions about a related maize protein, Glossy2, which 
is also required for the normal production of surface lipids.  
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Thesis Organization 
This thesis is organized into four chapters and one appendix. The first chapter provides a 
general introduction to very long chain fatty acids synthesis, function and importance within 
plant cells. Chapters II and III are manuscripts prepared for submission to Molecular and 
Cellular Biology (MCB).  Chapter II describes the in silico identification, isolation and 
functional complementation of the maize genes encoding the four fatty acid elongation 
(FAE) system’s proteins. This research stemmed from the work of Dr. Alexis Campbell, who 
created and analyzed the yeast strains that demonstrates complementation of the KCR, 
HCD and ECR components of FAE. I identified and cloned the KCS gene used in this study as 
well as demonstrated complementation of ZmKCS through analysis of complementing 
strains. Chapter III details the bulk of the work I completed, which entails the identification 
and characterization of the entire maize KCS gene family through heterologous expression 
in yeast. The appendix contains information and experimental results for an ongoing project 
involving the investigation of interactions between KCS and Glossy2 proteins. This thesis 
was completed under the guidance, supervision and support of my major professor, Dr. 
Basil J. Nikolau and Dr. Alexis A. Campbell. 
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Abstract 
 
Very long chain fatty acids (VLCFAs) are imperative for the growth of terrestrial 
plants, providing protection against biotic and abiotic stresses as components of cuticular 
lipids. Additionally, VLCFAs are essential for eukaryotic cell viability and serve biological 
functions including energy storage, cell signaling, and membrane structure. VLCFAs are 
synthesized by fatty acid elongase (FAE), which is composed of four integral membrane 
proteins: 3-ketoacyl-CoA synthase (KCS), 3-ketoacyl-CoA reductase (KCR), 3-hydroxyacyl-
CoA dehydratase (HCD), and an enoyl-CoA reductase (ECR), using fatty acid primers 
provided by de novo fatty acid synthesis. Despite the importance of VLCFAs and their 
potential influence on agronomic traits, little is known about the enzymes involved in Zea 
mays FAE. This study identifies three maize FAE components (ZmKCS, ZmHCD and ZmECR) 
for the first time. The function of these enzymes along with the previously identified 
ZmKCRs, ZmKCR1 (glossy8a) and ZmKCR2 (glossy8b), is confirmed by functional 
complementation in Saccharomyces cerevisiae. Biochemical characterization of each 
enzyme component is accomplished by analyzing the VLCFA profiles of the complementing 
yeast strains. Furthermore, analysis of each ZmKCR paralog reveals that strains containing 
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ZmKCR1 and ZmKCR2 have differing VLCFA profiles, indicating that both the KCS and KCR 
components of maize FAE contribute to the system’s substrate specificity.  
 
Introduction 
Fatty acids are rather simple in chemical nature, yet they fulfill a wide variety of 
diverse biological functions. Although the bulk of fatty acids produced within a cell range in 
chain length from 14- to 18-carbon atoms (i.e. C14 to C18), a small portion of fatty acids are 
≥20 carbon atoms in length. These very long chain fatty acids (VLCFAs) participate in vital 
cellular functions including protein trafficking, membrane structure, lipid secondary 
messaging, and protection1,2. For example, VLCFAs are incorporated into the skin of 
mammals to provide a protective permeability barrier, which is critical for skin’s normal 
function and structure3–5.  Similarly, aerial plant surfaces are covered with a permeability 
barrier (i.e. the cuticle), which protects against non-stomatal water loss, and biotic as well 
as abiotic stresses6. The cuticle is composed of a cutin polymer matrix and a heterogeneous 
mixture of VLCFAs and their derivatives, which are either embedded within the cutin 
scaffold (cuticular lipids) or are deposited as crystals on the cuticle surface (epicuticular 
surface lipids)7–11. Additionally, the metabolic fate of VLCFAs in plants is not limited to 
surface lipids, but also includes pollen coat lipids, suberin, sphingolipids, glycerolipids, 
phospholipids and triacylglycerols2,12. 
VLCFAs are synthesized through the coordinated effort of two fatty acid synthesis 
systems: de novo fatty acid synthase (FAS) and fatty acid elongase (FAE). FAS is a soluble 
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multi-enzyme complex that catalyzes an iterative cycle of four reactions (condensation, 
reduction, dehydration and a second reduction). It is initiated by the condensation of 
malonyl-ACP (ACP-bound primer) with the acetyl group of acetyl-CoA to produce acetoacyl-
ACP. The ACP-esterified molecule is then reduced at the beta-carbonyl group by the enzyme 
3-ketoacyl-ACP reductase to form the intermediate 3-hydroxybutyryl-ACP. This 
intermediate is dehydrated by 3-hydroxyacyl dehydratase to produce a trans-2,3-enoyl-ACP. 
Finally, this substrate undergoes a second reduction by enoyl-ACP reductase to produce a 
saturated butyryl-ACP molecule, which completes the initial FAS cycle. The second and 
successive rounds of condensation, reduction, dehydration and a second reduction produce 
a growing acyl-ACP molecule that is elongated by two carbon units per cycle.  
In plants, FAS occurs in the plastid, whereas the FAS-dependent FAE is an 
endoplasmic reticulum (ER)-associated system located within the cytosol. Chemically, FAE is 
analogous to FAS with a few differences: 1) the pantetheine group used for activation of the 
growing fatty acyl chain is CoA rather than ACP; 2) the FAS system is soluble, whereas the 
FAE system is an integral membrane bound system localized to the endoplasmic reticulum; 
and 3) FAE derives its primers from the end products of the FAS system, whereas FAS is 
capable of synthesizing its own primers. 
In plants and yeast, FAS predominately synthesizes fatty acids up to C16 and C18, at 
which point a chain length-dependent thioesterase hydrolyzes the acyl-ACP to yield a free 
fatty acid and a recycled ACP molecule13. This enables the free fatty acid to be transported 
into the cytosol where CoA is added, yielding an acyl-CoA primer that is ready for elongation 
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by FAE. The acyl-CoA primer undergoes the same series of four iterative reactions to 
produce a fatty acyl species that has been elongated by two carbon atoms per cycle 
stemming from malonyl-CoA. The enzymes catalyzing this series of reactions are 3-ketoacyl-
CoA synthase (KCS), 3-ketoacyl-CoA reductase (KCR), 3-hydroxyacyl-CoA dehydratase (HCD) 
and an enoyl-CoA reductase (ECR).  
Curiously, plant species have maintained biochemical and genetic redundancies 
within the FAE pathway. Two distinct non-homologous enzyme families catalyze the initial 
condensation reaction: 1) the FAE1-like 3-ketoacyl-CoA synthases (KCS-type enzymes); and 
2) the ELONGATION DEFFECTIVE-LIKEs (ELO-type enzymes). This enzymatic reaction creates 
a new C-C bond and is thought to be the chain-length determining and rate-limiting 
enzyme14,15. The archetypal KCS, FAE1, was identified as a result of mutant analysis, which 
resulted in Arabidopsis thaliana plants deficient in fatty acid elongation products within 
seed storage lipids16–18 and was later confirmed to encode for the condensing enzyme 
component of FAE19–21. The first ELO-type enzyme to be characterized was ELO1 from 
Saccharomyces cerevisiae, which was identified through mutational screening and was 
found to be involved in medium-chain fatty acid elongation22,23. Two additional yeast ELO 
genes (ELO2 and ELO3) were identified based on sequence homology to ELO1; both function 
in fatty acid elongase, extending 16- and 18-carbon primers to C22 or C24 and C26 fatty acid 
products respectively24–26. Analysis of genome sequences reveals that the ELO gene family is 
present in fungi, animals and plants, while the KCS family is found exclusively in plants27,28. 
Genetic redundancies occur within both families of condensing enzymes. In Arabidopsis 
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thaliana, 21 KCS-type condensing enzymes have been identified based on sequence 
homology to characterized KCS enzymes29,30. Four ELO-type proteins are present in the 
Arabidopsis genome, identified based on homology to yeast ELOs31. Recent analyses of 
multiple plant genomes reveals universal redundancy within both families of condensing 
enzyme among higher terrestrial plants, suggesting an advantage to evolving and 
maintaining multiple condensing enzymes32,33. 
Whereas the diversity in KCS and ELO paralogs could be attributed to this enzyme 
being the first committed step of VLCFA synthesis, it is interesting that two highly 
homologous KCR paralogs, gl8a (ZmKCR1) and gl8b (ZmKCR2), have been genetically 
identified in maize, with partially redundant functions34–36. In contrast, Arabidopsis contains 
only one functional isoform of the KCR enzyme37. The remaining elongase components, HCD 
and ECR, are both encoded by single genes in plants and yeast26,28,38,39 and are hypothesized 
to have broad substrate specificity, capable of generating the complete gamut of required 
VLCFAs for the cell9,15,40,41.  
Many questions surrounding FAE remain, including the identity and function of 
enzyme components in crop species such as Zea mays. The maize FAE system is of interest 
not only because of its agronomic importance, but because of the unique complexity added 
by the redundancy of the KCR enzyme. Progress towards elucidation of maize FAE is difficult 
using traditional methods because 1) FAE is an integral membrane system and 2) FAE is 
composed of a complex combination of components that varies amongst tissues and 
conditions. Because of these challenges, we have utilized heterologous expression in 
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Saccharomyces cerevisiae to demonstrate the genetic complementation and biochemical 
confirmation of Zea mays FAE components. Further, we demonstrate that the maize KCR 
gene paralogs provide yeast with differing fatty acid profiles, indicating that KCR enzymes 
contribute to the specificity of FAE.  
 
Materials and Methods 
Identification of maize elongase components –  
With the exception of the KCR component34–36, all other maize FAE components 
were identified by sequence homology with experimentally validated Arabidopsis and yeast 
FAE components. ZmKCS (GenBank accession AFW81175.1) was identified based on 
sequence homology to a characterized Arabidopsis KCS (KCS9; At2g16280)42 and was 
isolated and amplified from the genomic DNA of Zea mays inbred line B73. ZmKCR1 and 
ZmKCR2 were genetically identified and isolated as the Glossy8a and Glossy8b loci, 
respectively34–36. The maize HCD homolog (ZmHCD; GenBank accession DR817981.1) was 
identified from the maize EST assembly at PlantGDB (www.plantgdb.org) based on its 
sequence homology to the yeast (PHS1; YJL097w)26  and Arabidopsis HCD (PASTICCINO2; 
AT5G10480)39. The maize ECR component (ZmECR; GenBank accession AY106269.1) was 
identified by its homology to the yeast ECR (TSC13; YDL015c)40 and Arabidopsis ECR (CER10; 
AT3G55360)28. ZmECR was later shown to be encoded by the genetically defined Glossy26 
locus, which is required for the normal deposition of cuticular waxes. Both ZmHCD and 
ZmECR cDNAs were isolated by RT-PCR from the Zea mays inbred, B73 
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Phylogenetic analysis of the maize KCR enzymes –  
A neighbor-joining phylogenetic tree was constructed for the KCR component. 
Homologs were identified by blasting the maize, Arabidopsis, and yeast KCR proteins into 
NCBI’s blastp (http://blast.ncbi.nlm.nih.gov) and 67 hits, e-value less than 1E-65, were 
included in the analysis.  
 
Construction of yeast expression cassettes –  
All expression cassettes used the yeast galactose-inducible GAL1 promoter to 
control the heterologous expression of maize FAE components in yeast. The ZmKCS, ZmHCD 
and ZmECR components were cloned into high copy episomal plasmids pAG426 (URA3), 
pAG423 (HIS3) and pAG424 (TRP1), respectively, using the Gateway cloning system 
(Invitrogen, Carlsbad, CA) according to standard protocols43. Entry clones were constructed 
by subcloning PCR amplification products of the respective primer pairs, ZmKCS-GatF, 
ZmKCS-GatR, ZmHCD-GatF, ZmHCD-GatR, ZmECR-GatF, ZmECR-GatR (See Table 1). ZmKCR1 
and ZmKCR2 were each cloned into pYX043 (an integrative plasmid containing the LEU2 
marker gene) using the EcoRI-SalI and KpnI-XbaI sites, respectively. All yeast shuttle vectors 
were confirmed by DNA sequencing, were maintained in E. coli TOP10 or DH5 cells 
(Invitrogen), and were propagated in Luria Broth with the appropriate antibiotics. 
 
 
 
22 
 
 
 
Site-directed mutagenesis –  
During PCR-based construction of the ZmECR/pAG424 cassette a random mutation 
within the ZmECR coding sequence was isolated and confirmed by DNA sequencing to be an 
A-to-T transversion that caused a serine to cysteine change at position 283 of the ECR 
protein sequence (GenBank Protein Accession ACF86977). The transversion was corrected 
by QuikChange mutagenesis (Stratagene, La Jolla, CA) using primer ECRcorrA2T (See Table 
1) and confirmed by sequencing, to generate ZmECR/pAG424. The original mutated 
construct, ZmECR(a850t)/pAG424 was used as a negative control in yeast genetic 
complementation experiments.Yeast strains and media –  
Yeast cultures were grown according to standard procedures44,45. The parental 
strain, BY4741 was maintained in rich YPD (Yeast Peptone Dextrose) media and grown in 
YPGal as inductive conditions. Yeast transformants containing the G418 (kanMX4) were 
selected with the addition of 200 g/mL geneticin (G418; Invitrogen, Carlsbad, CA). Yeast 
strains containing maize genes were selected by their ability to grow on minimal medium 
(SD) without the appropriate amino acid. Expression of maize FAE components was induced 
with 2% galactose in YPGal medium. Additional yeast strains that carried mutations in the 
endogenous FAE component genes were obtained from Open Biosystems (Huntsville, AL) 
and are listed in Table 2.  
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Yeast Transformation –  
Plasmids were transformed into yeast using a standard lithium acetate yeast 
transformation protocol46. For homologous recombination-induced integration, pYX043-
based cassettes were digested with BstXI, and linearized plasmids were used in the 
transformation protocol.  
 
Sporulation and tetrad dissection – 
Sporulation of diploid strains was performed according to Enyenihi and Saunders 
with the following modifications47. Cells were transferred to supplemented liquid 
sporulation medium (1% potassium acetate, 0.005% zinc acetate, and 1x appropriate amino 
acid drop-out supplements) and incubated at 25C for 7-14 days. Tetrad dissection was 
performed using a Nikon Eclipse 50i Dissection microscope (Nikon Instruments Inc., Elgin, 
IL). Cells were prepared for dissection by inoculating cell cultures with an equal volume of 1 
mg/ml Zymolyase-100T in 1M sorbitol solution, and the mixture was incubated at 37C for 
15 minutes. The spores were “pulled” from the partially digested ascus by 
micromanipulation and placed onto the appropriate selective induction media (SC) plates. 
In experiments that were testing the expression of maize FAE components, spores were 
placed on SC-media containing galactose. 
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Complementation Assay –  
Plasmids containing the maize elongase genes were introduced into yeast strains in 
which the homologous endogenous gene was knocked out. Function was assessed for 
ZmKCS, ZmKCR1, ZmKCR2, ZmHCD, and ZmECR by determining if their expression would 
complement the lethality of the S. cerevisiae knock-out mutants, ScELO – fen1::sur4, ScKCR 
– ifa38, ScHCD – phs1, ScECR – tsc13, respectively. ZmKCS, ZmKCR1, ZmKCR2, ZmHCD, and 
ZmECR were subsequently cloned into the heterozygous diploid (see Table 2 for strain list), 
and sporulation of these strains resulted in the recovery of a knock-out strain that 
contained the appropriate maize gene. The gene replacement was confirmed by PCR of the 
maize component and the knock-out cassette. Further confirmation was demonstrated by 
the inability of strains to grow in glucose containing media (i.e. non-inductive conditions) 
(Figure 2).  
 
Strain growth analysis –  
All yeast strains were grown by shake flask or by using a BioTek microplate reader 
(Winooski, VT) at 30C with constant shaking, and growth was monitored by measuring 
OD600 every 30 minutes. To minimize media effects across strains, synthetic complete (SC) 
or SD media with supplementation for the appropriate auxotrophy and inductive conditions 
were used for growth. Data was analyzed and doubling time calculated using Gen5 data 
analysis software 
(http://www.biotek.com/products/microplate_software/gen5_data_analysis_software.htm
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l). Statistical computations were carried out using JMP Pro 9.0 (SAS Institute Inc. Cary, NC), 
and Student’s t tests were applied to doubling time.  
 
Analysis of fatty acids –  
Fatty acids were extracted following saponification with barium hydroxide according 
to36,48, with the following modifications. Yeast cells were collected by centrifugation at 42 
hours post-induction, flash frozen with liquid nitrogen and lyophilized. Between 5 and 10 
mg of dry cell pellet was homogenized with acid-washed glass beads (425-600 m, Sigma-
Aldrich, St. Louis, MO) and used for fatty acid extraction. Free fatty acids were recovered by 
extraction with hexane and then methylated. The fatty acid methyl esters were silylated 
according to Perera and colleagues (2010). Statistical analyses were carried out using JMP 
Pro 9.0 (SAS Institute Inc. Cary, NC). Student’s t tests were applied to metabolite abundance 
data.  
 
Results 
Phylogenetic analysis of the KCR family – 
The KCR family of enzymes was examined by the construction of a neighbor-joining 
phylogenetic tree (Figure 1). All putative KCR proteins contained the essential KCR catalytic 
motif (SX16YX3K) and most contained the dilysine ER retention and putative NADH-binding 
(GX3GXGX3AX3AX2G) motifs as described by Beaudoin and colleagues 
37 (Table 3). The plant 
kingdom KCRs could be classified into at least seven putative subclasses. Like maize, many 
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plant species appeared to contain multiple gene paralogs that putatively encode for the KCR 
enzyme. Both ZmKCR proteins were classified within subclass I, which most closely relates 
to two homologs from sorghum. It was interesting that three additional sorghum proteins 
were identified and classified into subclass 5, which was the same subclass that included the 
Arabidopsis KCR2 protein. A defining characteristic of this subclass was the lack of an ER 
retention motif. This phylogenetic analysis identified new KCR candidates, all of which can 
be experimentally verified for KCR activity within the heterologous system created in this 
study. 
 
Genetic complementation of yeast FAE component knock-outs with the maize FAE 
components –  
The function of the maize FAE component genes, ZmKCS, ZmKCR1, ZmKCR2, ZmHCD 
and ZmECR, was evaluated based on the ability of the maize transgenes to complement the 
corresponding yeast strain lacking the respective endogenous gene functionality. Knock-out 
alleles of the corresponding yeast orthologs (ScELO – fen1::sur4, ScKCR – YBR159w, ScHCD – 
YJL097w, and ScECR – YDL015c) are either lethal or near lethal 49–51, and expression of the 
maize orthologs in every case complemented this growth deficiency (Figure 2). When 
performing the functional complementation of the ZmECR component, a key catalytic 
residue was identified, Serine 283, when a random A to T transversion caused a switch in 
the protein code to Cysteine rendering the protein inactive (data not shown). This amino 
acid is required for proper enzymatic function within FAE. 
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Fatty acid profiling of the yeast complementation strains containing ZmKCR1, 
ZmKCR2, ZmHCD and ZmECR was performed. Figure 3 shows that total fatty acid 
accumulation in Sckcr-KO+ZmKCR1 and Sckcr-KO+ZmKCR2 were different than wild-type at 
the 10% significance level (p-value – 0.092 and 0.076, respectively). When comparing the 
two ZmKCR expressing strains, ZmKCR1 hyperaccumulates while ZmKCR2 hypoaccumulates 
total fatty acid products (p-value – 0.004). In wild-type and both Sckcr-complemented 
strains (Sckcr-KO+ZmKCR1 and Sckcr-KO+ZmKCR2), the FAS-generated fatty acids were 
significantly different from each other at the 10% significance level (p-values - 0.09 and 
0.05, respectively). However, the FAS generated fatty acid qualitative profiles were 
relatively similar to the wild-type state (Figure 3c, 3d). The expression of ZmKCR1 or 
ZmKCR2 produced a significant difference with regard to the FAE products that accumulate 
(Figure 3e, 3f); the ZmKCR1 expressing strain hypoaccumulates FAE generated products (p-
value – 0.01); while the ZmKCR2 expressing strain hyperaccumulates FAE generated 
products (p-value – 0.04). Moreover, the VLCFA profiles produced by each of the KCR 
components (either the endogenous yeast or the two maize KCRs) vary, generating a 
different fingerprint of fatty acid species (Figure 3F). Specifically, the endogenous yeast KCR 
had a preference for producing C26 and 2-OH-C26:0 fatty acids. Replacing this component 
with ZmKCR2 (Sckcr-KO+ZmKCR2) produced a profile similar to the wild-type state; 
however, replacement with the ZmKCR1 (Sckcr-KO+ZmKCR1) had a distinct profile in that it 
is unable to synthesize 2-OH-C26:0, but instead produced 2-OH-C24:0. Based on these 
findings, ZmKCR2 appeared to have a preference for ELO-containing FAE systems, while the 
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association of ZmKCR1 with ELO-containing FAEs was detrimental to the production of 
VLCFAs.  
 The HCD and ECR complemented strains did not significantly alter total fatty acid 
levels or fatty acid profiles relative to the wild-type state (Figure 4). These results indicated 
that the maize HCD and ECR components have broad acyl-chain length substrate 
specificities, being able to dehydrate and reduce all 3-hydroxyacyl-CoA and enoyl-CoA 
intermediates of the FAE system, respectively.  
In yeast, the enzyme that catalyzes the initial FAE condensation reaction is encoded 
by three gene homologs (ScELO1, ScELO2 and ScELO3), and only the latter two 
areresponsible for VLCFA synthesis22,23. The ScELO2 and ScELO3 single knockouts are not 
lethal, however the ability of ZmKCS to complement the ScELOps functionality can be 
illustrated by overexpressing maize KCS in a synthetically lethal background (i.e. a yeast 
strain devoid of ELO2 and ELO3 activity). The overexpression of ZmKCS in this background 
recovers strain viability (Figure 2), although growth is significantly affected (Fig. 5). Detailed 
analysis of the yeast strains revealed that the single knockout, elo2 (with and without 
ZmKCS overexpression) and complementing strain (ZmKCS overexpression in the double 
knockout elo2; elo3 background) impact strain growth most severely (Figure 5).  
Although overexpression of ZmKCS in the wildtype background does not significantly 
affect the fatty acid composition, overexpression in the knockout and complementing 
strains both quantitatively and qualitatively impact VLCFAs production. Total VLCFA 
accumulation in the overexpression strains elo2 + ZmKCS and elo3 + ZmKCS reveals an 
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inverse quantitative chemotype (Fig. 6). The elo2-KO, which hypo accumulates VLCFAs 
compared to WT, exhibited over a fourfold increase in VLCFA products upon the 
overexpression of ZmKCS, restoring WT levels of VLCFAs. Both the elo2-KO and the elo2 + 
ZmKCS strains produced qualitative lipid profiles similar to WT. In contrast, the elo3-KO 
strain hyper accumulates VLCFAs, and the overexpression of ZmKCS decreased total 
amounts of VLCFAs by nearly half, although VLCFAs were not reduced to WT levels. The 
elo3-KO and elo3 + ZmKCS strains produce a qualitative lipid profile differing from WT (e.g. 
lacking C26 hydroxy-FAs, hyperaccumulating C22 and C22 hydroxy-FAs). The elo2, elo3 + 
ZmKCS complementing strain synthesizes a unique VLCFA pool that is more than tenfold 
WT’s accumulation predominately consisting of C20FA.  
Taken together, these genetic complementation experiments demonstrated that the 
maize orthologs for each of the tested FAE components can function with the other 
endogenous yeast FAE components to generate VLCFAs. Additionally, we have 
demonstrated that the maize KCS, GRMZM2G393897, can not only integrate with the other 
yeast FAE components, but provide the acyl-chain condensation functionality for the yeast 
cell in the absence of ELO2 and ELO3. These findings therefore for the first time functionally 
identified the maize KCS, KCR2, HCD and ECR as FAE-components. 
 
Discussion 
Very long chain fatty acid biosynthesis is a vital process that occurs across all 
kingdoms of eukaryotic organisms. As the knowledge base surrounding fatty acid elongation 
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grows, many key questions still persist. One such question encompasses genetic 
redundancy across many of the FAE components, and why an organism continues to retain 
multiple gene paralogs. Questions surrounding FAE are difficult to answer in vivo and by 
using traditional molecular and biochemical methodologies because 1) FAE is a system 
composed of at least four integral membrane proteins, 2) each FAE system is composed of 
complex combinations of these components and in plants, multiple types of FAE systems 
exist (ELO-type and KCS-type), and 3) multiple gene paralogs exist for at least two of the 
four components and their expression is thought to vary between tissues and 
environmental conditions. Thus, to better understand the enzymological role of each FAE 
component, biochemical and molecular characterization was performed in the heterologous 
host Saccharomyces cerevisiae.  
Genetic complementation experiments demonstrated that the maize orthologs can 
function with the endogenous FAE components in yeast to generate VLCFAs. Using this 
platform, maize FAE components were functionally characterized, revealing new insights 
into the FAE system. KCS condensing enzymes are generally thought to be the main 
contributor to FAE specificity in plants12,15,52–54. In this study, a previously uncharacterized 
maize KCS gene was expressed in yeast. We found that overexpression of ZmKCS in a 
background devoid of FAE condensation reveals a VLCFA product pool differing from the 
pool synthesize by WT, elo2, and elo3 in the presence and absence of ZmKCS. This indicates 
that the ZmKCS used in this study does not fully complement either of the endogenous 
yeast ELOps, but is capable of providing the necessary condensation biochemical function 
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for the cell. Although this manuscript addresses maize FAE reconstitution using only a single 
maize KCS, a future goal is the isolation and functional characterization of each maize 
paralogous KCS component. Furthermore, analysis of the HCD and ECR complementing 
strains showed that these components are more promiscuous with regard to the fatty acid 
species they can produce, which is consistent with the previous hypotheses of broad 
substrate elongation capabilities9.  
Our most significant finding relates to the paralogous genes, glossy8a (ZmKCR1) and 
glossy8b (ZmKCR2), which were previously discovered to encode for KCR isozymes34,35. 
Characterization of these two paralogs has shown that their gene structures are conserved 
and that they encode proteins that are 97% identical, suggesting that they are the products 
of a recent gene duplication36. ZmKCR2 cDNA can be isolated, ruling out the notion that it is 
a pseudogene. This leaves the possibility that ZmKCR2 has either retained its original or a 
nearly similar function to that of its paralog or that it has functionally diverged55. In planta 
the expression patterns of ZmKCR1 and ZmKCR2 are similar to each other across tissues, 
although the ZmKCR1 transcript is often more abundant. The biochemical consequence of 
the ZmKCR1 mutation (glossy8a) reveals a detrimental effect on cuticular wax deposition, 
while the ZmKCR2 mutation (glossy8b) does not exhibit the same phenotype on the leaf 
wax load. Cuticular wax analysis of both mutant lines uncovers the partial redundancy 
between both ZmKCR1 and ZmKCR2 components, evidenced by a decrease in the total wax 
load from wild-type levels (only 6% remaining in the ZmKCR1-KO and 55% remaining in the 
ZmKCR2-KO). Further, maize genotypes that retain a functional ZmKCR1 protein have 
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increased wax ester and decreased ketone accumulation, while those retaining a functional 
ZmKCR2 protein affect the proportion of shorter-chain alcohols and aldehydes36. These 
finding imply that the two ZmKCR isozymes are not completely redundant, and affect 
different fatty acid elongation product pools. Additionally, when both ZmKCR1 and ZmKCR2 
genes are knocked-out simultaneously, the resulting double mutant is embryo lethal, 
suggesting an overlapping function that is essential for seed development36.  
Complementation with the two ZmKCR components revealed a novel attribute. 
Despite the importance of ZmKCR1 in the synthesis of cuticular lipids in planta, the 
expression of ZmKCR1 in yeast decreased the amount of total VLCFAs produced by the cell, 
while ZmKCR2 increased VLCFA levels compared to wild type (Figure 3e). One possible 
explanation for this discrepancy is that yeast FAE contains ELO-type condensing enzymes, 
whereas the primary condensing enzyme in plant epidermal cells in KCS. Thus, ZmKCR2 may 
have a preference for interacting with ELO-containing FAE systems, while ZmKCR1 prefers 
to associate with KCS-containing FAE. This discriminatory interaction difference by the two 
ZmKCR paralogs between different types of FAEs may be the explanation for the differential 
in planta effects of the glossy8a (ZmKCR1) and glossy8b (ZmKCR2) mutants36. In yeast, the 
ELO-containing FAE provides the VLCFA product essential for cellular development and 
incorporation into sphingolipids56. Previous analyses on the sphingolipid content of the 
glossy8a mutant, glossy8b mutant, and the double mutant glossy8a, glossy8b revealed that 
long chain fatty acids associated with ceramides are affected by these mutations36. 
Specifically, glossy8a does not significantly affect the ratio of fatty acids to VLCFAs, nor the 
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qualitative composition of the ceramides; whereas, the glossy8b mutant does. Comparing 
the double mutant to the glossy8b single mutant shows that total fatty acids and fatty acid 
chain lengths associated with ceramides are decreased. This data, in combination with our 
biochemical findings that ZmKCR2 elongates fatty acids with the ELO-containing FAE 
systems more effectively than ZmKCR1, indicates that a role for ZmKCR2 is likely to involve 
the production of fatty acids for sphingolipids. This work has revealed a novel function for 
both the two ZmKCR paralogs. This is consistent with previous work in the maize where the 
two proteins participate in similar yet divergent functions; ZmKCR1 being involved primarily 
for proper cuticular wax deposition via KCS-containing FAE, while ZmKCR2 likely plays a role 
in the production of VLCFAs for the incorporation into sphingolipids via the ZmELO-
containing FAE.  
Phylogenetic analysis of the KCR family of proteins has identified seven putative KCR 
families that exist within the plant kingdom. Functionally evaluating members from each 
class by the bioengineered component replacement platform can provide insight into each 
subclass and address why such a large number of gene paralogs persist within the genome. 
This approach is likely to identify subclasses that have a preference for different Claisen 
condensation paralogs and identify the relationships between enzymes specific to ELO-type 
and KCS-type FAE systems. 
Our results have shown that maize FAE enzymes can interact with the native yeast 
components, and more notably, that the variety of FAE systems available to the cell impact 
its fatty acid fingerprint. These data reveal the complexity of maize FAE and establishes the 
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need for analysis of the additive effects of FAE components on substrate specificity. The 
large number of possible combinations of maize KCS, ELO, and KCR components may 
provide a means for diversifying the VLCFAs produced by different tissues and cell types. 
This work validates the use of yeast as a heterologous system for the characterization of 
maize FAE. Further bioengineering of a yeast-based platform that replaces multiple native 
yeast FAE enzymes could provide a solution to elucidating the complex interactions within 
FAE. Developing a collection of yeast strains expressing each possible combination of maize 
FAE components would be advantageous in the exploration of genetic redundancy within 
this system. A yeast-based platform may also be useful for the functional characterization of 
biosynthetic genes downstream of FAE (e.g. the cuticular wax and sphingolipid biosynthetic 
genes).  
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Figure 1:  Phylogenetic relationships among KCR enzymes based on the comparison of the 
amino acid sequences of the KCR family.  The MEGA package was used for the construction 
of the phylogenetic neighbor-joining tree.  Putative KCR sequences (including the 
Arabidopsis, maize and yeast KCR proteins) were first identified by the kingdom and then 
classified according to clade. 
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Figure 2: Genetic complementation of yeast FAE mutants by maize components.  
 
A) Recovered spores from an individual tetrad of the heterozygous Scelo2;elo3-KO strain 
containing ZmKCS. 1) Wild type (BY4742); 2) ZmKCS/Scelo2;elo3-KO; and 3) wild type + 
ZmKCS 
B) ZmKCR complemention. Spores shown are from 1) ZmKCR1/Sckcr-KO, 2) ZmKCR2/Sckcr-
KO; and 3) CEN.RO16 (wild type) 
B) Recovered spores from an individual tetrad of the heterozygous Schcd-KO strain 
containing ZmHCD. 1) Wild type (BY4742); 2) ZmHCD/Schcd-KO; and 3) wild type + ZmHCD 
C) Recovered spores from and individual tetrad of the heterozygous Scecr-KO strain 
containing ZmECR. 1) Wild type (W303); 2) ZmECR/Scecr-KO; and 3) wild type + ZmECR 
 
ZmKCS Complementation
WT	+	
ZmKCS
WT
ZmHCD Complementation
ZmKCR Complementation
ZmECR Complementation
elo2;elo3	
+	ZmKCS
hcd +	
ZmHCD
WT WT
WT
WT	+	
ZmHCD
ecr +	
ZmECR
WT	+	
ZmECR
kcr +	
ZmKCR1
kcr +	
ZmKCR2
Non-inductive Inductive Non-inductive Inductive
Non-inductive Inductive Non-inductive Inductive
40 
 
 
 
Figure 3: Functional complementation of Sckcr-KO with the two ZmKCR paralogs.  
 
(A) Growth curves of wildtype (ScKCR), ZmKCR1 and ZmKCR2 in the Sckcr-KO background. 
Error bars represent  SE from three biological replicates with two measurements each. 
(B) Fatty acid accumulation in the ZmKCR complementing strain series. Fatty acids were 
measured at stationary phase (42 hours) in lyophilized cell pellet. Error bars represent  SE 
measured from six replicates.  The t-statistics for ZmKCR1 to wild-type, ZmKCR2 to wild-
type, and ZmKCR1 to ZmKCR2 complementing strains are 0.092, 0.076, and 0.0004 
respectively.  
(C) Total FAS generated and unusual fatty acids. Error bars represent  SE measured from 
six replicates. The t-statistics for ZmKCR1 to wild-type, ZmKCR2 to wild-type, and ZmKCR1 to 
ZmKCR2 complementing strains are 0.09, 0.05, and 0.0001 respectively. 
(D) mol% of individual FAS generated and unusual fatty acids. 
(E) Total FAE generated fatty acids (fatty acids greater than C18). Error bars represent  SE 
measured from six replicates.  The t-statistics for ZmKCR1 to wild-type and ZmKCR2 to wild-
type, and ZmKCR1 to ZmKCR2 complementing strains are 0.01, 0.04, and 0.0001 
respectively. 
(F) mol% of individual FAE generated fatty acids. 
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Figure 4: Functional complementation of Schcd and Scecr-KO’s with the ZmHCD and ZmECR, 
respectively.   
  
(A) Growth curves for two of the surviving spores from the genetic complementation of the 
HCD and ECR components: 1) wildtype from ZmHCD sporulation, 2) ZmHCD in the Schcd-KO, 
3) wildtype from ZmECR sporulation, and 4) ZmECR in the Scecr-KO. Error bars represent  
SE from three biological replicates with two measurements each. 
(B) Fatty acid accumulation in the ZmHCD and ZmECR complementing strains. Fatty acids 
were measured at stationary phase (42 hours) in lyophilized cell pellets. Two measurements 
were taken from three biological replicates and error bars represent  SE of six replicates. 
(C) Total FAS generated and unusual fatty acids.  Error bars represent  SE of six replicates. 
(D) mol% of individual FAS generated and unusual fatty acids. 
(E) Relative total FAE generated fatty acids (fatty acids greater than C18). Error bars 
represent  SE of six replicates.  
(F) mol% of individual FAE generated fatty acids. 
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Figure 5:  Functional complementation of Scelo-KO strains with ZmKCS.   
  
(A) Growth curves of wildtype, single knockout strains Scelo2 or Scelo3, and functional 
complement of Scelo2;elo3-KO strain with ZmKCS.  
(B) Doubling time was calculated for each of the strains with and without ZmKCS 
overexpression.  
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Figure 6.  Fatty acid composition of the Scelo-KO strains with ZmKCS.   
  
(A) Fatty acid accumulation in the ZmKCS complementing strain series.  Fatty acids were 
measured at stationary phase (42 hours) in lyophilized cell pellets. Error bars represent   SE 
measured from six replicates. 
(B) Total FAS generated FAs.  Error bars represent  SE of six replicates. 
(C) mol% of individual FAS generated. 
(D) Relative total FAE generated fatty acids (fatty acids greater than C18). Error bars 
represent  SE of six replicates.  
(E) mol% of individual FAE generated fatty acids. 
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Table 1.  Primers used to construct maize FAE plasmids. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Primers Sequences
Primer Name Primer Sequence (5’ to 3’)
ZmKCS-GatF CACCATGGACGGAGTCTCCGCC
ZmKCS-GatR CTATTGCTGCGTGGGGAAG
ZmHCD-GatF CACCATGGCGGGCGTCGGCT
ZmHCD-GatR AGCGGCATGATGATGCCAAGCAAG
ZmECR-GatF CACCATGAAGGTCACGGTCG
ZmECR-GatR CTTCGCCTCTTCACAGGAACG
ECRcorrA2T CTTCTTCAGACGGCTGTGCTTGCCGAGCG
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Table 2.  Yeast strains used within this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strain Accession Description (Relevent) Genotype Source
BY4741
BY4741; Mat a Wild 
Type BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0
Open 
Biosystems
Scelo2-KO
ELO2, FEN1, 
YCR034w Haploid knockout strain BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0; YCR034w::kanMX4
Open 
Biosystems
Scelo3-KO
ELO3, SUR4, 
YLR372w Haploid knockout strain BY4741: Mat a; his3D1; leu2D0; met15D0; ura3D0; YLR372w::kanMX4  
Open 
Biosystems
Scelo2::Scelo3-
KO
YCR034w:: 
YLR372w
Heterozygous diploid 
knockout strain
BY4743: Mat a/alpha:  his3D1/ his3D1; leu2D0/ leu2D0; lys2D0/LYS2; MET15/met15D0; 
ura3D0/ ura3D0; YCR034w::kanMX4; YLR372w::kanMX4  
Open 
Biosystems
Sckcr-KO 
IFA38, 
YBR159w
Heterozygous diploid 
knockout strain
CEN.RO16: CEN.PK; Mat a/alpha:  his3D1/ his3D1; leu2D0/ leu2D0; lys2D0/LYS2; 
MET15/met15D0: ura3D0/ ura3D0; YBR159w::kanMX4/YBR159w
Open 
Biosystems
Schcd -KO
PHS1,              
YJL097w
Heterozygous diploid 
knockout strain
BY4743: Mat a/alpha:  his3D1/ his3D1; leu2D0/ leu2D0; lys2D0/LYS2; MET15/met15D0; 
ura3D0/ ura3D0; YJL097w::kanMX4/YJL097w  
Open 
Biosystems
Scecr-KO 
TSC13, 
YDL015c
Heterozygous diploid 
knockout strain
WDAM006(HE): W303; Mat a/alpha:  ura3-1/ ura3-1; his3-11/ his3-11; leu2-3_112/ 
leu2-3_112; trp1D2/ trp1D2; ade2-1/ade2-1; can1-100/can1-100;  
YDL015c(4,702)::kanMX4/YDL015c
Open 
Biosystems
Yeast Strains
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Table 3. KCR family of proteins.  Protein GI numbers, amino acid characteristics, and 
classification information is listed. 
Subclass
GenInfo Identifier 
(GI)
KCR Catalytic Motif 
(SX16YX3K)
ER Retention 
Motif
NADH Binding Motif 
(GX3GXGX 3AX3AX2)
I gi_125540149 YES YES YES
gi_115447099 YES YES YES
gi_125582750 YES YES YES
gi_47847636 YES YES NO
gi_2586127 YES YES YES
ZmKCR1   YES YES YES
ZmKCR2    YES YES YES
gi_242065674 YES YES YES
gi_242073502 YES YES YES
gi_242076280 YES NO A1  to S
gi_115459050 YES YES YES
gi_116310470 YES YES  G3 to A
gi_2586123 YES YES No
II gi_148910781 YES YES  G3 to K
III gi_28565597 YES YES YES
gi_28565601 YES YES YES
AtKCR1       YES YES YES
gi_297838517 YES YES YES
gi_255647230 YES YES YES
gi_225424552 YES NO YES
gi_296081407 YES NO YES
gi_62956018 YES YES YES
gi_255547948 YES YES YES
gi_224107711 YES NO YES
gi_224100105 YES YES YES
IV gi_225424546 YES YES YES
gi_296081409 YES NO YES
gi_225424548 YES NO YES
gi_225424550 YES YES YES
gi_225424544 YES NO YES
gi_224107707 YES NO YES
gi_255547946 YES YES YES
gi_255547944 YES YES YES
gi_255547940 YES YES YES
V gi_255547942 YES NO YES
gi_255547938 YES NO YES
gi_224107705 YES NO YES
gi_62956020 YES NO YES
AtKCR2 YES NO YES
gi_297851132 YES NO YES
gi_222615913 YES NO YES
gi_115485301 YES NO YES
gi_326492698 YES NO YES
gi_242040913 YES NO YES
gi_326500400 YES NO YES
gi_118739191 YES NO YES
gi_242092848 YES NO YES
gi_242095572 YES NO YES
VI gi_302806316 YES YES  A1 site to C
gi_168013960 YES YES YES
gi_302760149 YES NO A1  site to C
VII gi_307110862 YES NO  A1 site to C
VIII gi_211963498 YES YES YES
IX gi_298707776 YES YES YES
gi_58613489 YES YES A1  site to S
X gi_91083689 YES NO YES
gi_66820432 YES YES  A1 site to C; G3  site to K
XI gi_167533213 YES NO YES
XII gi_115936913 YES NO YES
gi_224051016 YES YES YES
gi_14091750 YES NO YES
gi_9789991 YES YES YES
gi_73982080 YES YES YES
gi_67970631 YES YES YES
gi_59858251 YES YES YES
XIII ScKCR  YES YES YES
gi_320033233 YES YES YES
gi_40739180 YES YES YES
gi_239614290 YES YES A1  site to S
gi_239587170 YES YES A1  site to S
XIV gi_262105822 YES NO G3  site to R
KCR Family
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Abstract 
Very-long-chain fatty acids (VLCFAs) consist of greater than 18 carbon atoms and have 
diverse biological functions including energy storage, protection from biotic and abiotic 
stresses, signaling, and are components of the plasma membrane. The biosynthesis of 
VLCFAs occurs by the iterative extension of fatty acyl-CoAs through a series of reactions 
catalyzed by four enzyme components known as fatty acid elongase (FAE). The FAE enzyme 
3-ketoacyl CoA synthase (KCS) is hypothesized to be responsible for the substrate specificity 
of FAE, with multiple paralogs controlling the amount and identity of VLCFAs produced in 
specific cell types and tissues. The KCS gene family consists of multiple homologs in plant 
species, including 21 paralogs in Arabidopsis thaliana. This manuscript details the 
identification and analysis of KCS condensing enzymes from Zea mays. The genetic 
redundancy within FAE along with the membrane-bound nature of KCS and other FAE 
enzymes are challenges when studying this enzyme system. Because of these obstacles, 
heterologous expression in yeast was employed for the characterization of maize KCS 
enzymes. The fatty acid composition of yeast strains was determined using GC-MS, 
revealing KCS-dependent differences in VLCFAs and uncovering new questions about the 
synthesis of VLCFAs in maize. 
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Introduction 
Very long chain fatty acids (VLCFAs) are defined as fatty acids with greater than 18 
carbon atoms, ranging up to 30-40 carbon atoms in some organisms (1). VLCFAs contribute 
to a variety of cellular processes including energy storage, biochemical signaling, membrane 
structure, and protection. Specific metabolic fates of VLCFAs in plants include surface lipids, 
suberin, phospholipids, sphingolipids and triacylglycerols (2). The surface lipids that cover 
aerial plant surfaces, known as cuticular waxes, prevent non-stomatal water loss and 
protect against biotic and abiotic stresses (3). While VLCFAs are a minor portion of the total 
fatty acid pool within most cells, the absence of VLCFAs is lethal to plants and yeast, 
highlighting the importance of these molecules in normal growth and development. 
The production of VLCFAs requires two enzymes systems, de novo fatty acid synthase 
(FAS) and fatty acid elongase (FAE). In plants and yeast, FAS produces fatty acids with chain 
lengths of 16 or 18 carbons. FAE is a distinct enzyme system localized to the ER that extends 
these long chain fatty acids through a series of iterative reactions. The first reaction is the 
condensation of a long chain acyl-CoA with malonyl-CoA, resulting in the formation of 3-
ketoacyl-CoA. This condensation is catalyzed by two types of enzymes that do not share 
sequence homology; 1) the plant-specific FAE1-like 3-ketoacyl-CoA synthases (KCS-type 
enzymes), or 2) the ELONGATION DEFFECTIVE-LIKEs (ELO-type enzymes), found in all 
eukaryotes. Next, reduction by 3-keto-acyl-CoA reductase (KCR) produces 3-hydroxy-acyl-
CoA, which is then dehydrated by a 3-hydoxy-acyl-CoA dehydratase (HCD) to a trans-2,3-
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enoyl-CoA. A final reduction by enoyl-CoA reductase (ECR) yields a fully reduced fatty acyl-
CoA. This series of reactions is repeated, elongating the acyl chain by two carbons per cycle.  
The condensation of malonyl-CoA and an acyl-CoA is hypothesized to be the rate-
limiting reaction, with the associated KCS or ELO enzymes providing tissue and substrate 
specificity to FAE (4, 5). The ELO gene family is present in fungi, animals and plants, while 
the KCS family is found specifically in plants (6, 7). Genetic redundancies are found within 
both families of condensing enzymes, but are most prevalent with KCS-type enzymes. In 
Arabidopsis thaliana, 21 KCS enzymes have been identified based on sequence homology to 
characterized KCS enzymes (8, 9). Four ELO-type proteins are present in the Arabidopsis 
genome, identified based on homology to yeast ELOs (10). KCS redundancy is thought to be 
universal among higher terrestrial plant species, suggesting an advantage to evolving and 
maintaining multiple condensing enzymes (11, 12).  
Heterologous expression studies in yeast have been helpful for the characterization of 
some Arabidopsis KCS genes (13–16) revealing differences in substrate specificity. The yeast 
FAE system is simple in comparison to plant FAE systems, with only three ELO-type 
condensing enzymes: 1) ELO1, which is involved in the production of long-chain fatty acids 
(17, 18); 2) ELO2, which produces fatty acids up to C22 or C24; and 3) ELO3, which is 
required for the synthesis of C26 (19–21). While the Scelo2 and Scelo3 single mutants are 
viable, the double elo2/elo3 mutation exhibits synthetic lethality, as the loss of both ELOs 
would result in cells completely devoid of VLCFAs. It has been shown that one maize KCS is 
able to rescue the lethal elo2/elo3 mutation, and that overexpression in the WT and single-
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KO backgrounds can reveal useful information about KCS function (chapter 2 of this thesis). 
In this manuscript, we explore the biochemical functions of 3-ketoacyl-CoA synthase 
enzymes from Zea mays. 26 maize KCS candidate genes were cloned and characterized 
through heterologous expression in yeast strains. Two approaches were used to 
characterize KCS enzymes. First, KCS genes were overexpressed in the WT as well as the 
Scelo2 and Scelo3 single knock-out backgrounds. Second, each KCS was screened for its 
ability to complement the Scelo2/elo3 double knock-out. This approach not only provides a 
screen for activity, but generates strains devoid of all condensing enzyme activity other than 
that provided by the introduced ZmKCS gene. Fatty acid profiles of the generated yeast 
strains show KCS-dependent differences in VLCFA accumulation and composition, revealing 
differing activities among the maize KCS enzymes. 
 
Materials and Methods 
In silico analysis of KCS candidate genes – 
Protein sequence alignments were performed using the MUSCLE global alignment 
algorithm (22). Phylogenetic analysis of maize and Arabidopsis candidate KCS genes was 
accomplished using the Mega 5 software (23) to construct a bootstrapped (N=1000 
replicates) maximum-likelihood tree. The KCS sequence from the green algae, 
Chlamydomonas reinhardtii, was included as the outgroup. The final condensed tree was 
calculated using 35 as the bootstrap cutoff value. Figtree graphical software for phylogeny 
was used to visualize the final phylogenetic tree. Subclasses were assigned as previously 
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annotated by Joubes et. al. (24). Additionally, available RNA-seq expression data was pulled 
from qTeller (http://qteller.com/ ). 
 
Cloning of KCS candidate genes – 
Gene specific primers were designed for each candidate genes (Table 1). Forward 
primers included the ‘CACC’ leader sequence required for pENTR/dTOPO directional 
cloning. Genes were amplified from B73 cDNA or genomic DNA, depending on whether or 
not the gene sequence contained predicted introns. Phusion high-fidelity polymerase was 
used for gene amplification followed by standard gel purification and entry cloning into 
pENTR/dTOPO. For three KCS genes, (KCS 1790, KCS 7438, and KCS 8956) cloning was 
unsuccessful, and sequences were codon optimized and synthesized as g-blocks, provided 
by Integrated DNA Technologies (IDT). The g-blocks were then used as PCR template for 
pENTR cloning. LR clonase II (Invitrogen) was used to subclone genes into the appropriate 
yeast expression vectors, pAG-423-GPD and pAG-426-GPD (25). All entry and expression 
vectors were confirmed using Sanger sequencing.  
 
Yeast strains, transformation and growth – 
Plasmids were transformed into yeast using a standard lithium chloride yeast 
transformation protocol. Each KCS gene in the pAG-426-GPD plasmid was transformed into 
the WT, elo2-KO, and elo3-KO backgrounds (Table 2). Yeast strains containing maize genes 
were selected by their ability to grow on minimal medium (SD) without the appropriate 
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amino acid. The empty vector was transformed into each strain and used as a control. Yeast 
cultures were grown according to standard procedures (26). Three individual transformants 
were randomly selected for analysis for each strain-gene combination. Precultures were 
grown to saturation and then diluted in 10 ml media to an O.D. 600  of .1 and grown at 30 C. 
Cells and were harvested by centrifugation after 24 hours, flash frozen in liquid nitrogen, 
and lyophilized in preparation for extraction of fatty acids. 
 
Strain growth analysis: 
All bioengineered yeast strains were grown in a BioTek microplate reader (Winooski, VT) 
for 36 hours at 30°C with constant shaking, and growth was monitored by measuring OD600 
every 30 minutes. Data was analyzed and doubling time calculated using Gen5 data analysis 
software. 
 
Analysis of fatty acids: 
FAMEs were synthesized by transmethylation of lyophilized cells at 85°C for 1 h and 20 
min with 1 mL of 5% sulfuric acid in methanol and 20 μg of nonadecanoic acid included as 
an internal standard. After cooling, 2 mL of .9% NaCl was added, and fatty acyl chains were 
extracted twice with 1 mL of 4:1 hexane:chloroform. Samples were then dried under 
nitrogen gas, derivatized with silylation and analyzed using GC-MS. 
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Complementation screen – 
The ScELO3 gene was cloned with its native promoter sequence into the pAG-416 (low 
copy, URA3) plasmid backbone using in-fusion cloning. Restriction sites and primers were 
designed to remove the promoter region of the vector backbone. The resulting plasmid was 
transformed into a diploid heterozygous for the elo2 and elo3 single deletions (table 2). 
Sporulation of the resulting diploid strain was performed according to Enyenihi and 
Saunders method (27). The elo2/elo3 + ELO3 strain was identified based on the inability to 
grow on 5-FOA counterselection media and was confirmed by PCR. KCS candidate genes in 
the pAG-423-GPD (his-) vector were transformed into the elo2/elo3 + ELO3 strain. Individual 
transformants were streaked onto 5-FOA and were grown at 26 C and 30 C for up to 6 days. 
Complementation was determined based on the ability of each strain to grow on 5-FOA, 
which will cause the loss of the ScELO3 plasmid. 
 
Results 
Identification of KCS candidate genes –  
28 maize KCS genes were present within the KCS gene cluster of the Aramemnon 
database. One gene (GRMZM5G854500) was 100 percent identical to another open reading 
frame within the cluster (GRMZM2G151476), and was thus removed from the candidate 
gene list. Homology of the remaining 27 identified genes was confirmed by sequence 
alignment (Figure 1). This alignment revealed that one sequence (GRMZM2G075140) was 
truncated, missing two of three of the predicted catalytic residues (Figure 1). As a result, 
54 
 
 
 
this gene was also removed from the candidate gene list. The resulting 26 KCS candidate 
genes were considered to be KCS homologs for this study. The 26 KCS candidate genes are 
listed in Table 1, as well as the abbreviations that will be referred to in the rest of this 
manuscript.   
 
Phylogenetic and in silico analysis of the maize KCS gene family – 
Homology of the maize and Arabidopsis KCS sequences was analyzed in a maximum-
likelihood phylogenetic tree. Protein sequences of the 26 KCS candidate genes were 
classified based on the eight Arabidopsis KCS subclasses identified by Joubes et. al. (24). 
Maize sequences sorted into seven of the subclasses (α, β, δ, ε, γ, θ, ζ). The subclass η was 
specific to Arabidopsis homologs. In addition to the six Arabidopsis subclasses, one new 
subclass (ι) was identified that contained six putative KCS enzymes from maize. This 
phylogenetic analysis provides a basis for the investigation of maize KCS paralogs, and 
allows for comparisons of biochemical function in reference to sequence homology. 
 
Growth and biochemical analysis of KCS overexpression strains – 
Each of the 26 KCS genes in the pAG-426-GPD (ura3) vector were transformed into the 
WT, Scelo2 and Scelo3 strains (table 2). Growth analysis and fatty acid profiling was 
performed on all overexpression strains. KCSs overexpressed in the WT background 
exhibited significant differences in doubling time and fatty acid accumulation when 
compared to the WT strain containing the empty pAG-426-GPD vector. Five strains showed 
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an increase in doubling time (figure 3a), which in most cases corresponded to decreased 
VLCFA accumulation (figure 3d). Three strains significantly increased VLCFA accumulation, 
two of which are found in the ζ family of enzymes and one within the α/β family. 
Differences in the percent accumulation of VLCFAs were also observed, which can mainly be 
contributed to changes in C26 fatty acid accumulation (figure 3e). Products from de novo 
FAS were also quantified, revealing only one significant difference in product accumulation 
and no apparent differences in percent accumulation of individual fatty acids (figure 3b and 
3c).   
Analysis of doubling time and fatty acid profiles was also performed for each KCS 
overexpressed in the Scelo2 and Scelo3 single knock-out backgrounds. Scelo2 
hypoaccumulates VLCFAs and synthesizes a similar fatty acid profile compared to WT. 
Among KCSs overexpressed in Scelo2, only one significantly increased the total amount of 
VLCFAs accumulated as compared to the Scelo2 with the empty vector (figure 4d). While 
significant differences were not observed in doubling time (figure 4a), the overexpression of 
KCSs in the Scelo2 background appears to cause changes in the percent accumulation of 
individual VLCFAs (figure 4e). Interestingly, multiple significant increases in total 
accumulation of FAS products were observed in Scelo2 + KCS strains, however composition 
of FAS products was not affected (figure 4b and 4c). Similarly, significant differences in 
doubling time were not observed in the Scelo3 background. The fatty acid profile of the 
Scelo3 strain differs markedly from WT, with increased total VLCFA accumulation which 
mostly consists of C20 and C22 and the complete absence of C26. Several significant 
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decreases in total VLCFA accumulation were observed upon overexpression of KCS genes as 
compared to the Scelo3 with the empty vector (figure 5d). Surprisingly, only one KCS, KCS 
0417 from the α/β enzyme family was able to synthesize detectable levels of C26 fatty acid; 
this strain also had a significant increase in C24 fatty acid (figure 5e).  
 
KCS complementation screen – 
The ability of the 26 KCS genes to complement the lethality of the elo2/elo3 double 
mutation was determined by a plasmid-switch assay. The diploid strain heterozygous for the 
elo2 and elo3 single mutations (table 2) containing the ScELO3 (ura3) plasmid was 
sporulated, and the double Scelo2/elo3 mutant was recovered. All 26 KCS genes in the pAG-
423-GPD (his3) plasmid were transformed into this strain and selected for on media lacking 
histidine. Six ZmKCS containing strains were able to grow on 5-FOA counterselection media, 
indicating their ability to complement the double Scelo2/elo3 mutation (figure 6). One KCS 
complementing strain, KCS 9948, is a temperature sensitive mutant, as growth was only 
observed on plates incubated at 26 C.  
Fatty acid analysis of these double knock-out complementing strains has not yet been 
performed. However we can expect that the fatty acids produced by these strains will give a 
clear picture of the functionality of each KCS in complementing strains, as all VLCFAs 
produced will be catalyzed by the complementing KCS enzyme.  
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Discussion 
Very long chain fatty acid biosynthesis is an important process that is essential to the 
survival of eukaryotic organisms. While our knowledge of plant FAE systems has expanded 
in recent years, many questions remain, including the role of genetic redundancies within 
FAE, and why plant species have evolved and maintained a vast number of KCS gene 
paralogs. Several challenges exist when studying FAE in vivo or by using traditional methods 
for biochemical characterization. First, FAE consists of integral membrane proteins, which 
prove difficult to purify in their native conformation. Additionally, the number of gene 
paralogs and the functional redundancy within FAE complicate the use of forward and 
reverse genetics approaches. Thus, in this manuscript we have used an alternative 
approach, employing heterologous expression in Saccharomyces cerevisiae for the 
characterization of KCS genes. 
The identification of KCS genes reveals additional aspects of FAE that are unique to 
maize. The 26 KCS genes found in maize is an increase from the 21 found in Arabidopsis. 
Phylogenetic analysis reveals that one family of enzymes, the ι family, does not have closely 
related homologs in Arabidopsis. This expansion of KCS genetic redundancy increases the 
importance of this work, as functions of enzymes likely cannot be inferred from what is 
known about Arabidopsis FAE. 
Overexpression of ZmKCS genes in yeast revealed changes in the amount and 
composition of VLCFAs produced by cells. Interestingly, the largest differences in VLCFA 
accumulation were observed in the WT background. This could indicate that KCS function is 
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enhanced by the presence of ELO proteins. Curiously, decreases in VLCFAs were observed in 
several WT strains overexpressing KCS. This may indicate that the given KCS is associating 
with the native yeast elongase components, thus competing with ScELO2 and ScELO3, yet 
does not efficiently catalyze fatty acid elongation.  
In the WT background, changes in VLCFA accumulation are mainly due to increases 
and decreases in the amount of C26 fatty acid that is synthesized. However, overexpression 
in the Scelo3 knock-out, which does not produce fatty acids longer than C24, revealed that 
only a single KCS (ZmKCS 0417) is able to produce detectable levels of C26 fatty acid. This 
observation is interesting, as several Arabidopsis KCS genes have been shown to synthesize 
C28 fatty acid (28). The lack of elongation past C26 by the KCS enzymes in this study leads to 
questions about the enzymes involved in VLCFA synthesis in maize. VLCFAs and derivatives 
of chain lengths greater than C30 are found in maize cuticular surface lipids. Thus, the fatty 
acid profiles of native maize FAE systems were not recapitulated through heterologous 
expression in yeast. Recently, this question has been addressed in Arabidopsis thaliana. The 
Arabidopsis protein, CER2, is involved in the synthesis of surface lipids and shares sequence 
homology with BADH acyl-transferases (29). Co-expression in yeast of two Arabidopsis KCSs, 
Cer6 and Cer60, with Cer2 and it’s paralogs, Cer26 and Cer26-like, resulted in the synthesis 
of fatty acids beyond C28. This increase in chain length is not observed in WT yeast strains 
or when proteins are individually expressed (30, 31). This work raises questions about a 
related maize protein, Glossy2, which is also required for the normal production of surface 
lipids. Preliminary work has shown that Glossy2 and Glossy2-like can associate with two 
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ZmKCS genes to increase the amount of VLCFAs produced, and to increase the percentage 
of C28 when co-expressed in yeast (Appendix 1 of this thesis).  
Elucidating the combinatorial roles of additional proteins in VLCFA production may 
reveal more information about the synthesis of VLCFAs in planta. For example, maize 
contains two highly homologous KCR paralogs, GLOSSY8a (ZmKCR1) and GLOSSY8b 
(ZmKCR2), with partially redundant functions (32–34). Heterologous expression of both KCR 
enzymes in yeast has revealed that the KCR components also contribute to FAE product 
determination (demonstrated in chapter 2 of this thesis). Thus, the influence of the ZmKCR 
on ZmKCS activity should be determined, and may reveal a clearer picture of how VLCFAs 
are synthesized within maize. 
Of the 26 KCS genes used in this study, only six were able to rescue the lethal 
elo2/elo3 double mutation, and many KCS genes did not influence the amount or profile of 
VLCFAs in overexpression strains. This leads to questions about whether or not these KCS 
genes are actually functional in maize. Many KCS genes are transcribed at high levels in 
plants, particularly in developing leaves (figure 7). The generation of maize knock-out lines 
with multiple KCS genes mutated may be an approach useful for determining the in planta 
functions of this redundant gene family. 
 
References 
1.  Leonard AE, Pereira SL, Sprecher H, Huang Y-S. 2004. Elongation of long-chain fatty 
acids. Prog Lipid Res 43:36–54. 
 
60 
 
 
 
2.  Bach L, Faure J-D. 2010. Role of very-long-chain fatty acids in plant development, 
when chain length does matter. C R Biol 333:361–70. 
3.  Jenks MA, Joly RJ, Peters PJ, Rich PJ, Axtell JD, Ashworth EN. 1994. Chemically 
Induced Cuticle Mutation Affecting Epidermal Conductance to Water Vapor and 
Disease Susceptibility in Sorghum bicolor (L.) Moench. Plant Physiol 105:1239–1245. 
4.  Lassner MW, Lardizabal K, Metz JG. 1996. A jojoba beta-Ketoacyl-CoA synthase cDNA 
complements the canola fatty acid elongation mutation in transgenic plants. Plant 
Cell 8:281–92. 
5.  Millar AA. 1998. Accumulation of Very-Long-Chain Fatty Acids in Membrane 
Glycerolipids Is Associated with Dramatic Alterations in Plant Morphology. PLANT 
CELL ONLINE 10:1889–1902. 
6.  Tvrdik P, Westerberg R, Silve S, Asadi A, Jakobsson A, Cannon B, Loison G, 
Jacobsson A. 2000. Role of a new mammalian gene family in the biosynthesis of very 
long chain fatty acids and sphingolipids. J Cell Biol 149:707–18. 
7.  Gable K, Garton S, Napier JA, Dunn TM. 2004. Functional characterization of the 
Arabidopsis thaliana orthologue of Tsc13p, the enoyl reductase of the yeast 
microsomal fatty acid elongating system. J Exp Bot 55:543–545. 
8.  Costaglioli P, Joubès J, Garcia C, Stef M, Arveiler B, Lessire R, Garbay B. 2005. 
Profiling candidate genes involved in wax biosynthesis in Arabidopsis thaliana by 
microarray analysis. Biochim Biophys Acta - Mol Cell Biol Lipids 1734:247–258. 
9.  Joubès J, Raffaele S, Bourdenx B, Garcia C, Laroche-Traineau J, Moreau P, Domergue 
F, Lessire R. 2008. The VLCFA elongase gene family in Arabidopsis thaliana: 
phylogenetic analysis, 3D modelling and expression profiling. Plant Mol Biol 67:547–
566. 
10.  Dunn TM, Lynch D V, Michaelson L V, Napier JA. 2004. A post-genomic approach to 
understanding sphingolipid metabolism in Arabidopsis thaliana. Ann Bot 93:483–97. 
11.  Guo H-S, Zhang Y-M, Sun X-Q, Li M-M, Hang Y-Y, Xue J-Y. 2016. Evolution of the KCS 
gene family in plants: the history of gene duplication, sub/neofunctionalization and 
redundancy. Mol Genet Genomics 291:739–52. 
12.  Xiao G-H, Wang K, Huang G, Zhu Y-X. 2015. Genome-scale analysis of the cotton KCS 
gene family revealed a binary mode of action for gibberellin A regulated fiber growth. 
J Integr Plant Biol. 
61 
 
 
 
13.  Blacklock BJ, Jaworski JG. 2006. Substrate specificity of Arabidopsis 3-ketoacyl-CoA 
synthases. Biochem Biophys Res Commun, 2006/06/13 ed. 346:583–590. 
14.  Tresch S, Heilmann M, Christiansen N, Looser R, Grossmann K. 2012. Inhibition of 
saturated very-long-chain fatty acid biosynthesis by mefluidide and perfluidone, 
selective inhibitors of 3-ketoacyl-CoA synthases. Phytochemistry 76:162–71. 
15.  Paul S, Gable K, Beaudoin F, Cahoon E, Jaworski J, Napier JA, Dunn TM. 2006. 
Members of the Arabidopsis FAE1-like 3-ketoacyl-CoA synthase gene family 
substitute for the Elop proteins of Saccharomyces cerevisiae. J Biol Chem 281:9018–
29. 
16.  Trenkamp S, Martin W, Tietjen K. 2004. Specific and differential inhibition of very-
long-chain fatty acid elongases from Arabidopsis thaliana by different herbicides. 
Proc Natl Acad Sci U S A 101:11903–8. 
17.  Toke DA, Martin CE. 1996. Isolation and Characterization of a Gene Affecting Fatty 
Acid Elongation in Saccharomyces cerevisiae. J Biol Chem 271:18413–22. 
18.  Dittrich F, Zajonc D, Huhne K, Hoja U, Ekici A, Greiner E, Klein H, Hofmann J, 
Bessoule J-J, Sperling P, Schweizer E. 1998. Fatty acid elongation in yeast. 
Biochemical characteristics of the enzyme system and isolation of elongation-
defective mutants. Eur J Biochem 252:477–485. 
19.  Oh C-SS, Toke DA, Mandala S, Martin CE. 1997. ELO2 and ELO3, Homologues of the 
Saccharomyces cerevisiae ELO1 Gene, Function in Fatty Acid Elongation and Are 
Required for Sphingolipid Formation. J Biol Chem 272:17376–17384. 
20.  Rössler H, Rieck C, Delong T, Hoja U, Schweizer E. 2003. Functional differentiation 
and selective inactivation of multiple Saccharomyces cerevisiae genes involved in 
very-long-chain fatty acid synthesis. Mol Genet Genomics 269:290–8. 
21.  Denic V, Weissman JS. 2007. A molecular caliper mechanism for determining very 
long-chain fatty acid length. Cell 130:663–77. 
22.  Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high 
throughput. Nucleic Acids Res 32:1792–1797. 
23.  Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. 2011. MEGA5: 
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood, Evolutionary 
Distance, and Maximum Parsimony Methods. Mol Biol Evol 28:2731–2739. 
 
62 
 
 
 
24.  Joubes J, Raffaele S, Bourdenx B, Garcia C, Laroche-Traineau J, Moreau P, Domergue 
F, Lessire R. 2008. The VLCFA elongase gene family in Arabidopsis thaliana: 
phylogenetic analysis, 3D modelling and expression profiling. Plant Mol Biol, 
2008/05/10 ed. 67:547–566. 
25.  Alberti S, Gitler AD, Lindquist S. 2007. A suite of Gateway cloning vectors for high-
throughput genetic analysis in Saccharomyces cerevisiae. Yeast 24:913–9. 
26.  Sherman F, Fink G, Hicks J. 1986. Methods in Yeast Genetics. 
27.  Enyenihi AH, Saunders WS. 2003. Large-scale functional genomic analysis of 
sporulation and meiosis in Saccharomyces cerevisiae. Genetics 163:47–54. 
28.  Haslam TM, Kunst L. 2013. Extending the story of very-long-chain fatty acid 
elongation. Plant Sci 210:93–107. 
29.  Pascal S, Bernard A, Sorel M, Pervent M, Vile D, Haslam RP, Napier JA, Lessire R, 
Domergue F, Joubès J. 2013. The Arabidopsis cer26 mutant, like the cer2 mutant, is 
specifically affected in the very long chain fatty acid elongation process. Plant J 
73:733–46. 
30.  Haslam TM, Haslam R, Thoraval D, Pascal S, Delude C, Domergue F, Fernández AM, 
Beaudoin F, Napier JA, Kunst L, Joubès J. 2015. ECERIFERUM2-LIKE Proteins Have 
Unique Biochemical and Physiological Functions in Very-Long-Chain Fatty Acid 
Elongation. Plant Physiol 167:682–92. 
31.  Haslam TM, Mañas-Fernández A, Zhao L, Kunst L. 2012. Arabidopsis ECERIFERUM2 is 
a component of the fatty acid elongation machinery required for fatty acid extension 
to exceptional lengths. Plant Physiol 160:1164–74. 
32.  Xu X, Dietrich CR, Delledonne M, Xia Y, Wen TJ, Robertson DS, Nikolau BJ, Schnable 
PS. 1997. Sequence analysis of the cloned glossy8 gene of maize suggests that it may 
code for a beta-ketoacyl reductase required for the biosynthesis of cuticular waxes. 
Plant Physiol 115:501–10. 
33.  Xu X, Dietrich CR, Lessire R, Nikolau BJ, Schnable PS. 2002. The Endoplasmic 
reticulum-associated maize GL8 protein is a component of the acyl-coenzyme A 
elongase ivolved in the production of cuticular waxes. Plant Physiol 128:924–34. 
34.  Dietrich CR, Perera MADN, D Yandeau-Nelson M, Meeley RB, Nikolau BJ, Schnable 
PS. 2005. Characterization of two GL8 paralogs reveals that the 3-ketoacyl reductase 
component of fatty acid elongase is essential for maize (Zea mays L.) development. 
Plant J 42:844–61. 
63 
 
 
 
…
…
…
…
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fi
gu
re
 1
:  
P
o
rt
io
n
 o
f 
th
e 
am
in
o
 a
ci
d
 s
eq
u
en
ce
 a
lig
n
m
en
t 
o
f 
Ze
a
 m
a
ys
 K
C
S 
ca
n
d
id
at
e
 g
en
es
 a
s 
p
re
d
ic
te
d
 b
y 
th
e 
A
ra
m
em
n
o
n
 d
at
ab
as
e.
 T
h
is
 a
lig
n
m
en
t 
w
as
 g
en
er
at
ed
 u
si
n
g 
M
U
SC
LE
 g
lo
b
al
 a
lig
n
m
en
t 
al
go
ri
th
m
. P
re
d
ic
te
d
 c
at
al
yt
ic
 
re
si
d
u
es
 a
re
 c
ir
cl
ed
 w
it
h
in
 t
h
e 
b
lu
e 
re
ct
an
gl
es
. 
 
64 
 
 
 
 
 
 
 
Figure 2:  Maximum likelihood tree showing the phylogenetic relationships among KCS enzymes 
based on the comparison of the amino acid sequences of the maize and Arabidopsis KCS family.  
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Figure 3. Analysis of KCS overexpressing strains in the WT background  
 
(A) Doubling time calculated for each strain. Phylogenetic clade as described in figure 2 is indicated 
with brackets. 
(B) Total FAS generated fatty acids.   
(C) mol% of individual FAS products. 
(D) Total FAE generated fatty acids (fatty acids greater than C18).  
(E) mol% of individual FAE generated fatty acids. 
 
Error bars represent  SE of three biological replicates. Significance was determined on using a 
student’s t-test; p-values as compared to the WT control are indicated as follows: * ≤ 0.1, ** ≤ 0.05, 
*** ≤ 0.01 
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Figure 4. Analysis of KCS overexpressing strains in the Scelo2-KO background  
 
(A) Doubling time calculated for each strain. Phylogenetic clade as described in figure 2 is indicated 
with brackets. 
(B) Total FAS generated fatty acids.   
(C) mol% of individual FAS products. 
(D) Total FAE generated fatty acids (fatty acids greater than C18).  
(E) mol% of individual FAE generated fatty acids. 
 
Error bars represent  SE of three biological replicates. Significance was determined on using a 
student’s t-test; p-values as compared to the WT control are indicated as follows: * ≤ 0.1, ** ≤ 0.05, 
*** ≤ 0.01 
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Figure 5. Analysis of KCS overexpressing strains in the Scelo3-KO background  
 
(A) Doubling time calculated for each strain. Phylogenetic clade as described in figure 2 is indicated 
with brackets. 
(B) Total FAS generated fatty acids.   
(C) mol% of individual FAS products. 
(D) Total FAE generated fatty acids (fatty acids greater than C18).  
(E) mol% of individual FAE generated fatty acids. 
 
Error bars represent  SE of three biological replicates. Significance was determined on using a 
student’s t-test; p-values as compared to the WT control are indicated as follows: * ≤ 0.1, ** ≤ 0.05, 
*** ≤ 0.01 
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elo2/elo3 + ScELO3 (ura3)
elo2/elo3 + ScELO3 (ura3) + 
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Figure 6. KCS complementation results 
Growth was observed for six KCS genes when plated on 5-FOA counterselection, which causes loss 
of the ELO3 (ura3) plasmid. 
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Gene Identification Abreviation Primer direction PCR primers for cloning
AC233893.1_FGT003 KCS 20 5' CACCATGCCGACCGGCGGCGT
3' TCAGAGGCTGACGACCTCCGGC
GRMZM2G003138_T01 KCS 3138 5' CACCATGCAAGTAATATATCACGCATTC
5' TTAGAACATGAGGGTGTCGC
GRMZM2G003501_T01 KCS 3501 3' CACCATGGGCTCCTCGGCGCA
5' TCAGTGCTTGAGCACGTCG
GRMZM2G022558_T01 KCS 2558 5' CACCATGGAGACGTCAGCGCCG
3' TCAAGCGCCACCAACCTTTG
GRMZM2G060481_T01 KCS 0481 5' CACCATGAACACGCTACTGCAT
5' ATGCCCTAGGAGTCATCAGAT
GRMZM2G063024_T01 KCS 3024 3' CACCATGGAGTCCGCGCCGTCA
5' TCAGATGTACTCTTTTGGCGGG
GRMZM2G104626_T01 KCS 4626 5' CACCATGGAGGAGGCTGCGCCC
3' TCAGACGTACGCCTTGGGAG
GRMZM2G137694_T01 KCS 7694 5' CACCATGGTGGGTAGCAGGGAG
5' TCAGGCATGGGAGACAGAG
GRMZM2G149636_T01 KCS 9636 3' CACCATGGAGTCTGCTCCCGCC
5' TCAGACGTACGCCTTGGGA
GRMZM2G151476_T01 KCS 1476 5' CACCATGGAGCTACTTCCTCTGC
3' TTAGAGCATCAGGGTATCGC
GRMZM2G156620_T01 KCS 6620 5' CACCATGGCCGACGACGACCCAAG
5' TCAGATGGCTGACACCTTGGGG
GRMZM2G160417_T01 KCS 0417 3' CACCATGAACGGAGGCGCCGC
5' CTATTGGTGTGCGGGGAAGCC
GRMZM2G162508_T01 KCS 2508 5' CACCATGGCGGTGATGAGCCG
3' TTAACCAAGAGAGATCTTGTACGTG
GRMZM2G164974_T01 KCS 4974 5' CACCATGCCGAGCGGCGGCGT
5' TCAAAGCTTGACGACCTCCGGG
GRMZM2G167438_T01 KCS 7438 3' CACCATGGAACTTGTAACTATG  
5' TCATAAGTCGATCAAATCC
GRMZM2G168304_T01 KCS 8304 5' CACCATGGGTTCGTCGGCGGC
3' GGATAGCGGCTAGTGCTTGAGC
GRMZM2G168956_T01 KCS 8956 5' CACCATGGCTGTGTATAGG  
5' TCAGTGTTTTAAGACATCTGG
GRMZM2G393897_T01 KCS 3897 3' CACCATGGACGGAGTCTCCGCC
5' CTATTGCTGCGTGGGGAAG
GRMZM2G409312_T01 KCS 9312 5' CACCATGGCCAAGCTTCTCAAGC
3' TCAGATGTTGTCCTTGGCG
GRMZM2G445602_T01 KCS 5602 5' CACCATGGCGCGGGAGGAGCAG
5' CTAGGCGTCCATGCGCGC
GRMZM2G569948_T01 KCS 9948 3' CACCATGGAAAACCCGGCGCC
5' CAATGCATTTCAGTCGCTTGAA
GRMZM2G031790_T01 KCS 1790 5' CACCATGGCTTCTCTTAACC 
3' TTAAGCGTGTTGCGCATTC
GRMZM2G032095_T01 KCS 2095 5' CACCATGCAGAGCTCGGTGG
5' TCAAGCATGCTTGTGCGTC
GRMZM2G062718_T01 KCS 2718 3' CACCATGGCGCCGGGATCGTC
5' TCAATCAAGGGCCTCCATC
GRMZM5G894016_T01 KCS 4016 5' CACCATGGAGCTGCTCGCCCTG
3' TACGAAGCCGCTCCCCTG
GRMZM2G020740_T01 KCS 0740 3' CACCATGGACATAGCTCACCGAGAC
5' TTAGGTATCTGTCACAGGGTAC
Table 1. Gene list and primers  
List of the 26 KCS candidate genes used in this study and PCR primers used for cloning. 
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Table 2.  Yeast strains  
All S. cerevisiae strains used for overexpression and knock-out analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Strain Accession Description Relevant genotype Source
BY4742 haploid, WT BY4742, MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Open Biosystems
Scelo2 ELO2, FEN1, YCR034w haploid, knock-out BY4741, MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Open Biosystems
Scelo3 ELO3, SUR4, YLR372w haploid, knock-out BY4742, MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Open Biosystems
Scelo2/elo2
ELO2, FEN1, YCR034w, 
ELO3, SUR4, YLR372w 
diploid knock-out sporulated to 
create double knock-out used for 
complementation screen
BY4743, MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 
LYS2/lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0 Open Biosystems
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CHAPTER 4. GENERAL CONCLUSIONS 
 
 
Very long chain fatty acids are essential for normal growth and development in 
plants and all eukaryotes. Additionally, VLCFAs are the main precursors to cuticular surface 
lipids, which serve a protective function. Thus, understanding the biosynthesis of VLCFAs in 
maize may lead to improvements in drought tolerance and other agronomic traits. The 
primary aim of this thesis was the identification and characterization of maize FAE enzymes. 
The genetic redundancy within FAE along with the integral nature of its proteins hinders our 
ability to use traditional methods for enzyme characterization. To overcome these 
challenges, heterologous expression in Saccharomyces cerevisiae was utilized for 
complementation and overexpression studies.  
FAE consists of four enzyme components; 1) β-ketoacyl-CoA synthase (KCS), 2) 3-
ketoacyl-CoA reductase (KCR), 3) 3-hydroxyacyl-CoA dehydratase (HCD), and 4) enoyl-CoA 
reductase (ECR). Initially, complementation of each maize component was demonstrated in 
yeast (chapter 2). Interestingly, we found that the two maize KCR enzymes confer different 
fatty acid profiles when expressed with the endogenous yeast FAE enzymes. This finding 
reveals the complexity of maize FAE and demonstrates the need for further exploration of 
component interactions.  
The vast amount of redundancy within the KCS gene family is an interesting 
phenomena that is conserved in all higher plant species. A comprehensive survey of the 
maize KCS family of enzymes revealed several KCSs with high activity, increasing the amount 
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of VLCFAs produced (chapter 3). While these experiments revealed interesting activity, only 
six out of 26 candidates were able to rescue the lethal elo2/elo3 double mutation, and 
many KCS genes did not influence the amount or profile of VLCFAs in overexpression 
strains. However, available expression data reveals that most of the 26 maize KCS genes are 
indeed expressed in maize, leading to questions about the purpose of KCS genetic 
redundancy. Further work is needed to determine whether additional proteins, such as 
Glossy2, are required for the function of certain KCS genes. 
While heterologous expression in yeast is obviously a useful tool for the 
characterization of FAE genes, analysis in planta would also contribute to our understanding 
of this pathway. Co-immunoprecipitation and/or yeast two-hybrid screens may be useful for 
the identification of proteins besides the four core enzymes that are important for FAE 
function. Analysis of mutant maize lines may also prove helpful. However, due to the 
redundancy of KCS and other FAE enzymes, knocking out a single gene may not result in a 
discernable phenotype. A multigeneic knock-out approach could overcome this problem. 
With the advent of CRISPR technology, creating knock-out lines is more feasible than ever 
before.  
In conclusion, VLCFAs are important molecules in plants and all eukaryotes. 
Utilization of yeast-based assays along with other approaches will be important to the 
elucidation of this complex enzyme system. 
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APPENDIX. HETEROLOGOUS CO-EXPRESSION OF MAIZE KCS GENES WITH 
GLOSSY2 AND GLOSSY2-LIKE IN SACCHAROMYCES CEREVISIAE 
 
Recent studies by Haslam et. al. identified a potential mechanism of the function of 
Cer2 and Cer2-like proteins (1, 2). Studies of these Arabidopsis proteins showed that co-
expression of the Cer2-family of proteins with KCS genes from the γ family (labeled in 
chapter 3, figure 2) resulted in the production of fatty acids beyond C28. Fatty acids greater 
than C28 were not produced in strains expressing a single Cer2 or KCS protein. This suggests 
that Cer2 functions by interacting with KCS enzymes, potentially causing a conformational 
change which alters substrate specificity. 
Cer2 has two homologs within the maize genome, Glossy2 and Glossy2-like. Glossy2 
is not only the sequence homolog of Cer2 but also its functional homolog, determined via 
Arabidopsis transgenic expression studies (Alexander and Nikolau, in preparation). Gl2 and 
Cer2 proteins share sequence homology with the BAHD class of enzymes, which catalyze 
acyl transferase reactions using acyl-CoA substrates, to produce either ester-linked or 
amide-linked specialized metabolites.  
To test whether Glossy2 and Glossy2-like interact with KCS proteins, all 
combinations of Glossy2, Glossy2-like and the two γ family maize KCS genes, KCS 20 and KCS 
4974, were co-expressed in the yeast strain INVSC1. KCS genes (ura3) were overexpressed 
on the pAG-426-GAL plasmid and Glossy2 genes were expressed on pAG-423-GAL (his3). 
Strains were grown in the appropriate selection media for 48 hours after induction. Fatty 
acids were extracted as described in chapter 3. 
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Co-expression of KCS and Glossy2 proteins resulted in increased total VLCFA 
accumulation (Figure 1). Additionally, the percent distribution of VLCFAs was altered in 
strains containing Glossy2 or Glossy2-like with KCS 4974, resulting in increased 
accumulation of C28. This indicates that glossy2-like and KCS proteins interact during the 
production of VLCFAs. Addition work is needed to determine the mechanism of this effect. 
Expression of Glossy2-like proteins with additional KCS genes would also be helpful to 
determine if this effect is KCS specific and if the substrate specificities different KCS proteins 
are modified in different ways. 
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Figure 1: Total VLCFA accumulation of yeast strains, n=6 replicates per genotype. Statistical 
significance as compared to WT yeast was determined using a student’s t-test, where * ≤ p-value of 
.05. 
 
 
Figure 2: Mol% of individual VLCFAs accumulation of yeast strains, determined by the 
analysis of n=6 replicates. 
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